The hypothalamic peptide, thyrotropin-releasing hormone (TRH), is essential for the normal production of thyroid-stimulating hormone in the pituitary and thyroid hormones in the thyroid gland (1). Within the paraventricular hypothalamic nucleus (PVH), TRH is regulated at the transcriptional level by thyroid hormone (T3), such that in hyperthyroid states TRH expression is reduced and in hypothyroid states its expression is increased (2). Recently, it has become clear that TRH is also regulated by nutritional states. To conserve energy during periods of food deprivation, rodents dramatically reduce their thyroid hormone levels, which in turn allows reductions in their metabolic rate (3). This adaptation to starvation is accomplished through a reduction in the expression of TRH in the PVH, indicating that a central process contributes to the regulation of this physiological adaptation. The mechanism governing the nutritional regulation of TRH has been clarified by Ahima et al., who reversed starvation-induced suppression of thyroid hormone levels in mice by administering leptin during starvation (4). This finding was extended by Legradi et al., who further demonstrated that leptin's effects were due to upregulation of TRH gene expression (5).
it stimulates TRH release in hypothalamic slices (10) . Moreover, the MC4R antagonist AgRP (11) inhibits the effects of leptin on TRH release from hypothalamic slices. Taken together, these data suggest that engagement of the melanocortin pathway is required for leptin to regulate TRH expression. However, recent work by Nillni et al. has shown that TRH neurons coexpress the leptin receptor in primary cultures of fetal rat hypothalamic neurons. In addition, these neurons synthesize and secrete TRH protein in response to leptin (12) . Also, previous work has demonstrated the existence of the long form of the leptin receptor (ObRb) in the PVH and that leptin can induce c-Fos expression in the PVH (13, 14) . Thus, potential direct effects of leptin on the TRH neuron need to be explored further.
Regulation of the TRH gene is not well understood. Work from a number of groups including our own has established that the murine, rat, and human TRH promoters all contain a critical thyroid hormone receptor binding site, termed Site 4, in the proximal promoter (15, 16) . This site appears to be critical for binding of the thyroid hormone receptor (TR) isoforms and necessary for negative regulation by T3. Interestingly, Site 4 also acts as a strong basal enhancer of the promoter in a number of cell lines and bears a strong resemblance to a cAMP response element. However, its role in vivo has not heretofore been studied. Because little information exists about systems that upregulate TRH gene expression, very little is known about other transcriptionally important pathways that target the TRH promoter.
In this study, we have further defined the signaling systems involved in the regulation of TRH gene expression. Through in situ hybridization for MC4Rs and SOCS-3, we demonstrate that the TRH neuron in the PVH can be acted on directly by both the melanocortin and leptin signaling systems. In addition, we demonstrate that the TRH promoter responds to both signaling pathways through specific cis-acting sequences that bind the transcription factors cAMP response element binding protein (CREB) and signal transducers and activators of transcription-3 (Stat3). Indeed, CREB and Stat3 play an important role in the regulation of TRH gene expression by α-MSH and leptin, respectively. Furthermore, the T3 signaling pathway overlaps with the leptin and melanocortin pathways, suggesting that the set point of TRH gene expression is determined by multiple inputs.
Methods
Animals. Adult male pathogen-free Sprague-Dawley rats were housed in a light and temperature controlled environment with water and standard chow available ad libitum. The animals and procedures used were approved by the Harvard Medical School and Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committees. To examine for MC4R expression, adult male pathogen-free Sprague-Dawley rats were used (n = 3). To enable leptin treatment, intravenous femoral vein catheters were surgically implanted (17) . After a 1-week recovery period, the animals were fasted for 48 hours and subsequently administered pyrogen-free saline (n = 3; Sigma Chemical Co., St. Louis, Missouri, USA) or recombinant murine leptin (n = 5; 1.0 mg/kg; kindly provided by Eli Lilly, Indianapolis, Indiana, USA) via the catheter. The animals were then sacrificed 1 hour after administration of leptin or saline.
In situ hybridization histochemistry. All animals were sacrificed by intracardiac perfusion of 10% neutral buffered formalin and postfixed in this solution for 3-4 hours at room temperature. Brains of perfused animals were excised and dehydrated in 20% sucrose for approximately 48 hours, and frozen coronal sections then cut. Sections were mounted onto SuperFrost slides (Fisher, Pittsburgh, Pennsylvania, USA), air-dried, and stored at -20°C with desiccant until further processing. Before hybridization, sections were subjected to a standard microwave procedure to expose hybridization substrates (18) . Sections were then dehydrated again in ethanol, air-dried, and stored at -20°C with desiccant.
The cDNA used for the generation of the SOCS-3 riboprobe has been described previously (19) . The rat TRH and MC4R cDNAs used to generate riboprobes were created by RT-PCR from rat hypothalamic mRNA (primers available upon request). Generation of 35 S and digoxigenin labeled riboprobes was performed as described previously using T7 polymerase (TRH) or SP6 polymerase (MC4R and SOCS-3) (17, 19, 20) . Hybridization solution containing riboprobes was applied to slides and incubated overnight at 56°C. The next day, hybridized tissue was exposed to RNAse A for 30 minutes at 37°C and subsequently washed in decreasing solutions of saline sodium citrate buffer containing 0.25% dithiothreitol at 50°C, 55°C, and 60°C for 1 hour each.
Sections were next incubated overnight in sheep antidigoxigenin antiserum conjugated to alkaline phosphatase(1:1,000), followed by overnight incubation in a nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate chromagen solution (21) . Sections were dipped in 3% parlodion in isoamyl acetate, dried, and then dipped in NTB2 photographic emulsion (Eastman Kodak Co. Scientific Imaging Systems (New Haven, Connecticut, USA), stored at 4°C for 2-4 weeks and developed with D-19 developer (Eastman Kodak Co. Scientific Imaging Systems).
To estimate the percent of nonisotopically labeled TRH cells that were double labeled, background values of silver grain numbers were established in regions of the brain that did not exhibit specific MC4R or SOCS-3 hybridization (cortex, amygdala, hippocampus, and caudoputamen) from each animal studied. The area counted was similar to the diameter of a digoxigeninlabeled PVH neuron. The relative number of silver grains overlying individual TRH neurons in the medial parvocellular divisions of the PVH were determined. A double-labeled cell was defined as having over threefold more grains versus the background from that derived from that animal studied.
Plasmids and mammalian cell transfection. All human TRH promoter plasmids were derived from the -900 to +55 fragment cloned into pA 3 LUC, which has been described previously (15) . All further constructs besides the full-length promoter were truncated at +5 (SmaI site). The -150, -50, and -150M4 constructs have been described previously (15) . All other constructs were derived from the -150 series using PCR or restriction endonuclease digestion. The murine TRH promoter consists of a SmaI-SalI fragment encompassing from -255 to +12 of the murine promoter (a gift of M. Yamada). All TRH promoter constructs were cloned into pA 3 LUC. RSV 180 contains the first 180 bp of the rous sarcoma virus LTR and was also cloned into pA 3 LUC and has been described previously (22) . GAS-Luc consists of five copies of the IFN-γ Stat responsive element cloned upstream of the luciferase reporter (a gift of L. Stancato and R. Pine). The Flag-Stat murine expression vectors and murine ObRb expression vector have been described previously (23) . The MC4R expression vector was also cloned into pcDNAI. The TR expression vectors contain the human cDNAs of the β isoforms in PKCR 2 and have been described previously (24) . The wild-type and CREB mutant (S133A) were also cloned into PKCR 2 . The integrity of all plasmids was confirmed by DNA sequencing. All plasmids were purified using column purification (QIAGEN Inc., Valencia, California, USA) and each plasmid was prepared on at least two separate occasions.
293T cells were transfected in six-well plates so that that each well received 1.7 µg of reporter, 0.9 µg of either the MC4R or ObRb, 0.9 µg of Stat isoform, or empty expression vector. When TR expression vectors were used, 0.9 µg per well was used. Each well also received 20 ng of a β-galactosidase expression vector. All transfections were performed using calcium phosphate as described previously (15) . Sixteen hours after transfection, the cells were washed in PBS and refed. Twenty-eight hours after transfection, the cells were refed with serum-free Optimem (GIBCO BRL, Gaithersburg, Maryland, USA) and subsequently stimulated 48 hours after transfection with the indicated concentrations of leptin, α-MSH, and T3. Eight hours after stimulation the cells were lysed and assayed for luciferase and β-galactosidase activity. The data shown is the mean of at least three separate experiments performed in triplicate.
Western analysis and electrophoretic mobility shift assays. To analyze phosphorylation of CREB by α-MSH, 293T cells were stimulated for 15 minutes by 100 nM α-MSH. Nuclear extracts were isolated following the procedure of Schreiber et al. (25) , and equal amounts were loaded onto a 10% SDS-PAGE. After electrophoresis, the proteins were transferred to nitrocellulose and probed overnight at 4°C with a 1:1,000 dilution of αCREB or α-phospho-CREB antiserum (New England Biolabs Inc., Beverly, Massachusetts, USA). Western analysis was performed by ECL (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA).
Electrophoretic mobility shift assays (EMSAs) were performed as described previously (26) . Radiolabeled probes representing (a) Site 4 (-83 to -36 of the hTRH promoter), (b) the putative Stat-responsive region of the human TRH promoter, (c) the analogous region of the murine TRH promoter (-150 to -127; see Figure  5b ), and (d) a canonical Stat-response element derived from the SIE sequence of the c-Fos promoter (SIEm67) (27) were incubated with the indicated nuclear extracts. Supershifts were carried out with the indicated antibodies (α-Flag, Sigma Chemical Co.) for an additional 20 minutes. Complexes were resolved on 5% nondenaturing polyacrylamide gels and visualized after autoradiography. EMSAs containing transfected Stats were only exposed for 2-4 hours, whereas all others were exposed overnight.
GST-protein interaction assays. The full-length cDNAs of the hTRβ isoforms were cloned into pGEX4T1 to yield GST fusion proteins in BL21 Escherichia coli. The GSTfusion proteins were incubated with [ 35 S]methionelabeled hSRC-1 or hCREB produced by in vitro translation. Interactions were performed as described previously (26) . The concentration of T3 used was 1 µM.
Results
The melanocortin and leptin signaling pathways converge in the PVH. To determine whether leptin and/or the α-MSH pathways were important in regulating TRH gene expression in the PVH, we performed double label in situ hybridization studies in Sprague-Dawley rats. As is shown in Figure 1 , a and b, MC4R mRNA is expressed in the PVH, suggesting the potential for α-MSH signaling. Moreover, TRH neurons in the PVH coexpress MC4R mRNA, consistent with the hypothesis that the leptininduced production of α-MSH in the arcuate nucleus engages the TRH-producing neurons in the PVH. We found that in the medial parvocellular divisions of the PVH, 48% of TRH neurons also expressed the MC4R.
To assess the role of leptin in the PVH, we assessed SOCS-3 mRNA expression in rats that had been fasted for 48 hours. We used the identical probe for TRH and examined for the expression of SOCS-3 mRNA in rats treated with saline or leptin ( Figure 1 , c and d). We found that SOCS-3 mRNA expression is induced in leptin-responsive neurons of the PVH. Expectedly, we also observed dense hybridization in the arcuate nucleus (17, 19) . In saline-treated rats SOCS-3 expression was not seen in the arcuate or PVH (Figure 1c ). In the leptin-treated rats (Figure 1d ), SOCS-3 mRNA is coexpressed in a subset of TRH-positive neurons. Approximately 10% of TRH neurons are positive for SOCS-3 in the medial parvocellular divisions of the PVH. Taken together, these data demonstrate that in fasted animals, leptin has the ability both to directly and to indirectly regulate TRH gene expression in the PVH.
The TRH promoter is induced by both leptin and α-MSH in a heterologous system. To further explore the molecular basis for leptin and α-MSH regulation of TRH gene expression, we developed a heterologous system, as hypothalamic cell lines to analyze directly TRH gene expression are not available. In this system, the mammalian 293T-cell line is cotransfected with the MC4R or ObRb and the human TRH promoter (-900 to +55) linked to the luciferase reporter to assess the ability of these pathways to regulate TRH gene expression. As shown in Figure 2a , in the presence of 100 nM of their respective ligands, both signaling pathways induce significant activation of the TRH promoter. In contrast, a control promoter, RSV180, was unaffected by both the MC4R and ObRb pathways (data not shown), indicating that the hTRH promoter is a specific target for both the MC4R and ObRb pathways. Furthermore, when treated with both ligands, the stimulation of the TRH promoter is additive, implying that leptin and α-MSH act through separate pathways.
Given that leptin signaling is known to be mediated principally through the activation of Stat3 and that the MC4R signals through the protein kinase A/CREB pathway, we next asked whether these individual pathways could be activated directly in the transfected cells. Figure 2b reveals that cells transfected with the MC4R and stimulated with α-MSH show an increase in phosphorylated CREB (P-CREB) compared with unstimulated cells. This demonstrates specific activation of the CREB pathway by MC4R signaling. The phospho-CREB antibody also recognizes other members of the activated transcription factor family (ATF).
To examine Stat activation by the ObRb, we performed EMSA with nuclear extracts derived from 293T cells transfected with the ObRb and either stimulated or not stimulated with 100 nM leptin. As is shown in Figure 2c , leptin stimulation leads to the appearance of three specific bands that bind to the canonical Statresponsive element (SIEm67) used (lane 2). These bands are likely to represent the endogenous Stat1 homodimer (lower band), the endogenous Stat3 homodimer phorylate Stat3 as well as Stat1 in 293T cells. These data are consistent with those of others who have demonstrated that the ObRb pathway can activate a number of the Stat isoforms; although in vivo, only Stat3 appears relevant to leptin signaling (28) .
A CRE mediates regulation of the hTRH promoter by α-MSH. Inspection of the human, rat, and murine TRH promoters demonstrates the presence of a conserved element that bears close homology to a canonical CRE (TGACGTCA). This element, TGACCTCA, located between -60 and -55 of the hTRH promoter, has been previously termed Site 4 by our laboratory and functions both as an important site of TR binding and for negative regulation of the hTRH promoter by T3. On the basis of its homology to a CRE, we hypothesized that it would mediate the effects of α-MSH signaling through MC4Rs. To confirm this, we studied a number of TRH promoter deletion constructs in 293T cells that were also cotransfected with the MC4R. As is shown in Figure 3a , stimulation with α-MSH leads to a 6.3-and 7.3-fold stimulation of the -900 and -150 hTRH promoter constructs, respectively. However, deletion to -50, which removes Site 4, causes a loss of most stimulation (1.7-fold) by α-MSH and lowers basal activity. The importance of Site 4 is best demonstrated by the -150M4 construct, which contains a mutated Site 4 (TAAAATCA). This construct loses both basal activity and the ability to be stimulated by α-MSH (2.7-fold). Thus, Site 4 mediates the principal effects of α-MSH on the TRH promoter. To demonstrate the role of CREB in this pathway, we initially cotransfected a dominant inhibitor of CREB (S133A), which cannot be phospho- rylated by PKA in an identical paradigm. As indicated in Figure 3b , CREB S133A is able to block TRH promoter stimulation by α-MSH by more than 50%, consistent with the hypothesized role of CREB in mediating the effect of α-MSH. Finally, to demonstrate that CREB can indeed bind to Site 4, we performed EMSA with nuclear extract from both nontransfected and CREB-transfected 293T cells and can demonstrate (Figure 3c ) that both endogenous CREB (lane 1) and transfected CREB (lane 3) bind strongly to the radiolabeled Site 4 probe and are specifically supershifted by CREB antiserum (lanes 2 and 4) . Interestingly, the diminution in the nonspecific band (compare Figure 3c , lanes 1 and 2 to Figure 3c , lanes 3 and 4) in the presence of transfected CREB suggests that other nuclear complexes interact with Site 4. Taken together, these data demonstrate that α-MSH stimulates the hTRH promoter through the CREB signaling pathway via a direct interaction with a near canonical CRE in the proximal portion of the promoter. This is likely to be an important pathway for TRH regulation in all species given that Site 4 is conserved in the TRH promoter of all species studied to date. Furthermore, CREB is an important transcriptional regulator of other PVHexpressed genes including corticotropin-releasing hormone (CRH) and vasopressin (29) (30) (31) .
Given the role of Site 4 in mediating α-MSH-mediated stimulation and its previously described role in binding the TR (15), we next asked whether T3 could inhibit the upregulation of the TRH promoter by α-MSH. To do this, we cotransfected either empty expression vector or the human TRβ1 or TRβ2 isoforms. In transfection experiments, the TRβ1 isoform is a more potent activator of transcription on positive thyroid hormone response elements in 293T cells (data not shown). In the presence of α-MSH, T3 had minimal effect unless cotransfected TR was present (Figure 4a ). Cotransfected TRβ1 in the presence of T3 had some ability to block α-MSH stimulation of the TRH promoter, but TRβ2 inhibited stimulation by over 50%. These data are consistent with the increased ability of TRβ2 to mediate negative regulation both in vitro and in vivo (32, 33) . Although both the TR and CREB can bind to Site 4 (Figure 4b) , there is no evidence that an interaction between the two occurs using EMSA, even in the presence of ligand (data not shown). To investigate further whether the TR isoforms could interact with CREB, we used a GST pull-down assay in which each of the TR isoforms were produced as GST fusions. As shown in Figure 4c , TRβ1 can recruit the nuclear receptor coactivator SRC-1 in the presence of T3 only, whereas, as we have shown previously, TRβ2 can recruit SRC-1 in both the presence and absence of T3 (34) . In contrast, neither could recruit CREB in the presence or absence of ligand. Further study will be required to define the mechanisms by which T3 inhibition occurs.
The hTRH promoter is regulated by leptin in a Stat3-specific fashion. To identify the region of the hTRH promoter necessary for regulation by leptin through the ObRb, we again used a variety of hTRH promoter constructs.
Because of the relative paucity of Stat3 in 293T cells
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Figure 5
Leptin responsiveness maps to a specific region of the hTRH promoter. (a) 293T cells were transfected with a variety of hTRH reporter constructs. Their response to 100 nM leptin was then determined. The data are expressed as relative luciferase activity, and the fold response is indicated above each construct. (b) The promoter sequences of the human, rat, and murine TRH genes are compared in the area of Stat responsiveness. The Stat-responsive element is boldface and located between -141 and -132. The SP-1 site is boldface and underlined and located between -125 and -119. Also shown are the mutations made to create the Statm and ∆SP-1 constructs. (c) 293T cells were transfected with the mTRH reporter construct in an identical paradigm, and its response to leptin was assessed. nTRE, negative thyroid hormone response element.
(35), we also cotransfected a Stat3 expression vector in our initial mapping studies. As shown in Figure 5a , the full-length human TRH promoter is stimulated 31.9-fold by 100 nM leptin in the presence of cotransfected ObRB and Stat3. A dose-response experiment was also performed, and similar effects were seen with 1 nM and 10 nM leptin (data not shown). The control RSV Luc construct is not activated at all in this paradigm. These data support the notion that direct signaling by the ObRb on the TRH promoter is mediated by the JAKStat pathway. We then used a variety of deletion constructs to map the Stat-responsive region of the promoter. Deletion of the promoter to -150 (Figure 5a ) does not alter the response (53.4-fold). However, deletion to -128 causes a 50% reduction in response, whereas deletion to -80 and -50 causes the response to be virtually lost. Mutation of the CREB binding site (-150M4) does not affect the responsiveness of the promoter (49.5-fold) to the Stat pathway, but again decreases basal activity. Thus, the cis-acting sequences mediating Stat3 responsiveness of the TRH promoter lie between -150 and -80, with key sequences located between -150 and -128. We next analyzed the human TRH promoter sequence and those of the rat and mouse in the areas of relevance. Indeed, a site resembling a Stat-response element (TTC-CGGAGGA; Figure 5b ) is present between -141 and -132 of the human TRH promoter. Furthermore, a canonical Stat-response element (TTCCGGAAAG) is present at the analogous location in the murine and rat promoters. In addition to the Stat element, both the human and rodent promoters have a highly conserved GC box just downstream from the putative Stat element that we have shown can bind SP-1 (underlined and bold in Figure 5b ; and data not shown). This is significant given the known importance of SP-1 in helping to mediate the Stat response and potentially to interact with a number of the Stat isoforms in context of other promoters (36, 37) . To confirm that the rodent promoter could indeed respond to the leptin signaling pathway, we used an identical paradigm with a murine TRH promoter construct (-255 to + 5) that contains the Stat binding element. Like its human counterpart, it was stimulated well by leptin in the presence of ObRb (sixfold), and this response was enhanced by the presence of cotransfected Stat3 (13-fold; Figure 5c ).
Given the presence of a putative Stat binding site and SP-1 site in the human and rodent TRH promoters, we next assessed the import of each of these sites by either mutating or deleting them in context of the -150 human construct. As is shown in Figure 6a , mutagenesis of the Stat-responsive element (Statm) causes a more than 60% drop in responsiveness to leptin. Similarly, deletion of the Stat binding site (-128) also causes a similar drop in the responsiveness to leptin. Deletion of the SP-1 site (∆SP-1) only causes a 20% loss of leptin responsiveness. As was demonstrated previously, deletion of both sites (-80 construct) causes a complete loss of response to leptin. Taken together, the transfection data support the notion that Stat3 and SP-1 cooperate to mediate the leptin response. However, the Stat3 site alone is more powerful. To determine whether the Statresponsive region could indeed bind Stat3, we performed EMSA with the radiolabeled human element. Nuclear extracts from 293T cells cotransfected with ObRb and Stat3 were prepared both before and 15 minutes after stimulation with 100 nM leptin. Stat3 binds to the human probe and is supershifted with the Flag antibody (Figure 6b ). However, this binding was not nearly as strong as that seen with the idealized Stat SIEm67 element (Figure 6c ). To compare Stat binding on the human site versus that found with murine element, we again performed EMSA, this time using the murine TRH Stat-response element as a probe. As expected, given its canonical sequence, the murine response element binds Stat3 with an avidity near that of the idealized element (Figure 6d ). In addition, the entire complex is supershifted with an anti-flag antibody. To compare avidity for Stat3 binding, we performed competition studies using both excess cold human and murine probe with radiolabeled murine probe. These studies reveal (Figure 6e ) that the human site can compete with the murine site when present in 100-fold excess. However, 100-fold excess human probe competes in a weaker fashion than does tenfold excess cold murine probe (compare lane 3 to lane 6 in Figure  6e ), whereas 100-fold excess cold murine probe competes completely for binding (Figure 6e, lane 4) . Thus, the human site binds Stat3 with an avidity of at least 15-to 20-fold less than the analogous rodent site. It should be pointed out that an analogous noncanonical Stat3 element in the murine C/EBPδ promoter binds Stat3 very weakly, if at all, in EMSA and also requires SP-1 for full transcriptional activity (37) .
Data from two separate groups have shown that leptin specifically activates the Stat3 isoform in the hypothalamus (38, 39) . To determine whether the activation of the TRH promoters was Stat isoform specific, we examined the ability of Stat1 to activate the human or murine TRH promoters. As a control, we used a multimerized Stat-response element from the IFN-γ promoter upstream of luciferase (GAS-Luc). Stat1 was unable to increase activation of the hTRH promoter or the mTRH promoter. However, Stat1 is able to activate the response of the GAS-Luc construct by sixfold over levels seen in cells without transfected Stat1 (Figure  7a ). These data are consistent with Stat1 being phosphorylated by the leptin pathway in 293T cells ( Figure  7b ) but suggest that the TRH promoter responds preferentially to Stat3.
Discussion
Central to the actions of leptin are its ability to regulate hypothalamic expression of neuropeptide genes, which in turn control food intake and energy expenditure. However, the molecular mechanisms governing the regulation of target genes by leptin are not well understood. Recently, it has become clear that leptin is able to regulate thyroid hormone production in rodents in situations in which the conservation of energy through a reduction in metabolic rate is necessary (4, 40) . The regulation of the thyroid hormone axis by leptin appears to occur principally at the level of the TRH neuron in the PVH. In this model, leptin could either act directly through receptors on the TRH neuron or indirectly, via other hypothalamic neurons that project to the PVH (reviewed in ref. 41) . It is established that production of α-MSH in the arcuate nucleus, which is increased by leptin, increases TRH gene expression and increases TRH synthesis in the hypothalamus (9, 10) . Whether this effect is mediated by melanocortin signaling on these TRH neurons has not been addressed. The data presented here demonstrate the coexpression of MC4R by TRH neurons in the PVH, confirming that the melanocortin system is poised to regulate TRH gene expression by direct action on these cells.
Direct signaling by leptin to the TRH neuron has been more difficult to discern. However, previous work has demonstrated the existence of the ObRb in the PVH and that leptin can induce c-Fos expression in the PVH (13, 14) . In addition, leptin administration induces the expression of SOCS-3 mRNA in a circumscribed population of PVH neurons (19) . Furthermore, in cultured primary rat fetal hypothalamic neurons, the ObRB and TRH colocalize to single neurons using immunocytochemistry (12) . Here, we demonstrate the coexpression of SOCS-3 and TRH message in a subset of PVH neurons in fasted rats stimulated with leptin. Because SOCS-3 is a sensitive marker of direct leptin action, its presence in even a small percentage of TRH neurons implies that leptin can directly act on the TRH neuron, although the anatomical data suggest that the melanocortin pathway may play a larger role.
To examine the molecular basis by which the MC4 and leptin receptor signaling pathways induce TRH gene expression, we developed a transfection system in heterologous mammalian cells. Our data demonstrates that the MC4R and ObRb signaling pathways are able specifically to activate the human TRH promoter through distinct cis-acting elements. The MC4R, like the other members of the melanocortin receptor family signals by increasing levels of intracellular cAMP (42) , which in turn leads to the phosphorylation of CREB, which activates transcription through the recruitment of the coactivator CREB-binding protein (CBP) (43) . We have clearly demonstrated that CREB can be phosphorylated through MC4R activation in 293T cells and that CREB binds strongly to a conserved region in the human and rodent TRH promoter (Site 4). The MC4R signaling pathway activates the TRH promoter through Site 4 and cotransfection of a CREB mutant that cannot be phosphorylated inhibits MC4R-mediated activation by more than 50%. Thus, the MC4R pathway specifically activates the TRH promoter through the phosphorylation and binding of CREB. Given the hypothalamic expression of CREB (data not shown and ref. 44 ), this mechanism is likely to be operative in vivo and further strengthens the link between the regulation of TRH synthesis and secretion by α-MSH.
Interestingly, CREB-mediated stimulation of the TRH promoter is inhibited by the TRβ2 isoform in the presence of T3. This is consistent with in vivo data demonstrating that the TRH gene is downregulated by T3 and by more recent data demonstrating that the TRβ2 isoform is necessary for negative regulation by T3 (33) . Further work will be required to discern the relative expression of these transcription factors and their relative cofactors in the PVH, which should provide further insight into the mechanisms governing negative regulation by T3.
In addition to the MC4R, the ObRb signaling pathway stimulates the expression of the TRH gene directly. It is clear from our data that this stimulation is Stat dependent and not mediated by the CREB/ATF pathway. Our mapping experiments have localized the main Stat-responsive region to the nucleotides between -150 and -125 of the hTRH promoter. Analysis of this region across species demonstrates the presence of a canonical Stat-response element in the murine and rat TRH promoters that binds Stats avidly ( Figure 6 ). Interestingly, this site has changed slightly in the human promoter, but still convincingly mediates Stat responsiveness. However, it does interact much more weakly with Stat3. This divergence in the Stat-response element may enable Stat isoform specificity in vivo but this remains to be shown. The availability of specific inhibitors of Stat isoforms, the protein inhibitors of activated Stat 1 and 3 (45) , should allow us to explore isoform specificity further in the context of human and rodent promoters.
Analysis of other Stat-responsive genes suggests that the hTRH promoter is similar in structure to the murine C/EBPδ promoter that is also responsive only to Stat3 (37) . This promoter, like the human and rodent TRH promoter, also contains an SP-1 site that is located next to the Stat-responsive element. This is necessary for full induction of the murine C/EBPδ promoter by Stat3. In addition, like the hTRH promoter, the murine C/EBPδ promoter can partially respond to Stat3 via its SP-1 site only. Similarly, the ICAM-1 gene requires both Stat and SP-1 sites in its proximal promoter in order to respond fully to IFN-γ (36). Indeed Look et al. were able to show a physical interaction between Stat1 and SP-1 (36) . Taken together, these data demonstrate that the leptin response of the hTRH promoter is mediated, by Stat3 in conjunction with SP-1. This pathway is preserved in the murine and rat TRH promoters, which validates their use as models to explore leptin signaling in vivo.
The data presented here importantly extend our understanding of the direct and indirect mechanisms by which leptin activates TRH gene expression in the PVH. The transcriptional pathways engaged by both MC4 and leptin receptor signaling are targeted through distinct transcription factor binding sites in the proximal TRH promoter and allow its positive regulation. Thus, thyroid hormone production can be controlled dynamically through the transcriptional regulation of the TRH promoter through the interplay of leptin, α-MSH and T3. These pathways allow leptin to directly regulate energy expenditure and provide a link between food consumption and energy expenditure. At the molecular level, the TRH promoter emerges as the best-defined targets of leptin action on gene expression. Given the potential role of other hormonal pathways, such as NPY (46) in the PVH, it is likely that other inputs to this promoter will also be important (Figure 8 ). The transcriptional regulation of TRH by pathways separate from T3 will also
Figure 8
A model of leptin action on the TRH neuron. Shown is a proposed model of leptin action on the TRH neuron. After crossing the bloodbrain barrier leptin can act either directly on the TRH neuron or via an indirect pathway by increasing the production of α-MSH in the POMC neuron in the arcuate nucleus. Also shown are the inputs of AGRP and NPY, both of which are known to project to the TRH neuron. Leptin, through the phosphorylation of Stat3, can directly activate the TRH promoter as can α-MSH through the activation of CREB. T3 can inhibit TRH gene expression, principally through the TRβ2 isoform. NPYR1/5, NPY receptor 1 or 5.
likely be important in the adaptation of the thyroid hormone axis in other physiological situations besides starvation, such as severe illness, in which T3 levels and TSH levels can be suppressed (47) .
